Highlights  High Ni removal efficiencies at neutral pH conditions were achieved.  Layered double hydroxide was selectively precipitated by the addition of Al ions.
Introduction
Advances in technology such as the electronics and metal plating industries have increased the demand for Ni [1] , and some industrial wastewaters contain large amounts of Ni, leading to environmental pollution as excessive intake of heavy metals is harmful to humans and as wastewaters lead to environmental pollution. Hence, there is a need to maintain the environmental standards for Ni and to dispose properly of stable precipitation products to protect human health and protect natural environments. At the same time, Ni-rich mines and grades of Ni ore have been decreasing with the increase in mined quantities of Ni [2] . Additionally, resources are unevenly distributed and found only in a few countries making the supply sources of Ni vulnerable. Because of this, there is an urgent need to recover Ni from wastewaters and other waste forms.
Current wastewater treatments can be divided into biological [3] [4] [5] [6] [7] [8] and chemical treatment methods [9] [10] [11] [12] [13] [14] [15] . Chemical precipitation processes (especially hydroxide precipitation) are widely used among these treatments [16, 17] . Generally, the removal of Ni from wastewater by adding antalkaline and flocculants to increase the pH to 10 (the lowest solubility of Ni) or above result in the generation of Ni-hydroxides, and after treatment it is necessary to decrease the pH below the effluent standards of Japan (pH5. 8-8.6 ) before discharge. However, the current method suffers from disadvantages including the high cost of antalkaline, flocculant reagents, and acid neutralizing agents. Therefore, it would be useful to develop a lower-cost and still effective wastewater treatment. The concentration of heavy metals and toxic ions in soils and ground waters may be attenuated in natural processes such as neutralization and mineral precipitation [18, 19] . The natural attenuation processes may be applied to wastewater treatment, something which would likely be safer, more environmentally friendly, and more cost-effective, than conventional methods. For example, a study [20] has clarified the natural attenuation mechanism of Cu and Zn ions at Dougamaru, an abandoned mine in Japan.
The mine drainage here contains higher concentrations of Cu and Zn ions than effluent regulatory limits in Japan allow (3 mg/L for Cu and 2 mg/L for Zn). However, Cu and Zn in the mine drainage are incorporated in the structure of precipitates composed of Cu-bearing layered double hydroxides, hydrowoodwardite at around pH 6 because this is produced by the presence of Al ions in the drainage, resulting in natural attenuation. The general chemical composition formula of layered double hydroxide (LDH) is represented by [M 2+ 1-x M 3+ x (OH) 2 (A n− ) x/n ·mH 2 O] (0.20 < x < 0.33), and LDH is classified as anionic clay because of its anion exchange capacity [21, 22] . It has a structure of octahedral hydroxide layers with alternating laminated interlayers of anions (A n− ) and inter-layer water. In LDH, substitution of the divalent cation (M 2+ ) with a trivalent cation (M 3+ ) produces a positive charge on the hydroxide layers, requiring the presence of anions between the hydroxide layers to maintain the charge balance. Nickel could be incorporated in the LDH octahedral sheets because hydroxide layers of LDH are essentially composed of metal ions with coordination number 6.To further explore this, the objective of this study is to investigate the optimum conditions such as pH, Al, and Ni concentrations under which Ni-LDH is precipitated by the addition of Al ions and compare this with the conventional method to precipitate Ni(OH) 2 , to under-stand the behavior of Ni in the precipitation process, and to develop a geochemical model to reproduce the experimental results. With these results, the final goal is to develop a remediation method for Ni-bearing wastewaters at neutral conditions and to investigate the applicability of the Al ion addition method for Ni-containing water using the model.
Experimental
Co-precipitation experiments were carried out to synthesize Ni-bearing LDHs with different Al/Ni ratios to confirm the applicability of LDH in Ni-bearing wastewater treatment. However, the uptake mechanism of Ni is considered to be complex because multiple slightly soluble salts are simultaneously precipitated in the co-precipitation processes. Therefore, adsorption experiments were also carried out to elucidate the adsorption behavior of Ni onto the precipitated phases. In addition, extraction experiments were carried out to establish details of the chemical state of Ni in the precipitated phases.
Co-precipitation experiments
Co-precipitation experiments were carried out in Ni-containing water with SO42−by Al ion addition under various conditions (pH, Al, and Ni concentrations) to establish whether Ni-LDH is precipitated and what the precipitating conditions of Ni-LDH are. Initially, simulated wastewaters were obtained by mixing NiSO4·6H2Oand Al2(SO4)3·14-18H2O (Kanto Chemical Co., Inc., Guaranteed reagent) with 150 mL deionized water in 250 mL polyethylene bottles, then alkaline titrated by adding 1.0 M NaOH was below1 mL/min at 25•C, and adjusted to set pH values with vigorous stir-ring (300 rpm). The initial Ni concentrations were set to 200, 1000, and 10,000 mg/L because the actual wastewater contains various Ni concentrations, and the resulting initial Al/Ni molar ratios were0, 0.218, 0.435, 0.653, and 1.087 to for determining the influence of the amount of Al ions. The resulting molar ratio is complicated by the fact that the unit of the initial concentration was set to "mg/L" as widely used in wastewater treatment (f.ex., the initial Al/Ni molar ratios of the solution with initial Ni and Al ion concentrations were respectively 1000 mg/L and 200 mg/L is 0.218). The pH values were5.0, 6.0, 7.0, and 8.0 (±0.1) allowing confirmation of the precipitates at neutral conditions. After titration, the suspensions were left standing for 24 h at 25•C. The supernatant solutions were collected by centrifugation for 40 min at 3000 rpm, and the solid phases were recovered after solid-liquid separation. The extraction experiment is a quantitative evaluation achieved by dissolving or extracting only specific components of the solid or liquid using different types of solvents. The first step was deionized water (pH 5.8) extraction for water soluble ions from the solid phases and the second was CaCl2extraction for the exchangeable ions around pH 6.5, using CaCl2solutions of 3.0, 15, and 150 mmol/L (in solutions respectively with 200, 1000, and 10,000 mg/L of initial Ni) [23, 24] . The maximum concentration where Ni was adsorbed was considered the Ca concentration. The solid and suspension were shaking for 24 h at 200 rpm at 25•C and the liquid-solid ratio was 500 mL/g, and then were separated. Adsorption experiments were also carried out to determine the Ni adsorption behavior of each of main precipitates generated by the co-precipitation experiments. The adsorption solutions were30 mL with Ni concentrations of 10, 50, 100, 300, and 1000 mg/L using Ni(NO3)2·6H2O suspended in 0.02 M NaNO3as a supporting electrolyte solution at pH 5.45-5.60. Next, 100 mg of the solid phases were added to the solutions (giving a liquid-solid ratio of300 mL/g). The solid and liquid phases were separated for the further analysis after shaking for 24 h at 25℃.
Analytical methods
The concentrations of Ni and Al ions contained in the recovered solutions after the treatments were analyzed by inductively coupled plasma atomic emission spectrometry (ICPE-9000, Shimadzu). The SO42−ions contained in the supernatant were quantitatively analyzed by using ion chromatography (Metrohm 861 Advanced Compact IC). Compact IC is comprised of 3 consecutive suppressor units that are used for suppression, regeneration with sulfuric acid (0.04 M), and rinsing with ultrapure water. The eluent was diluted mixed solution of Na2CO3(2.70 mM) and NaHCO3(0.30 mM). The column was set to 35-38℃.The solid phases were freeze dried and were then analyzed to determine the mineral component of the precipitates. The minerals contained in the solid phases were analyzed by X-ray diffraction. The precipitates were examined using an X-ray diffractometer (Multi Flex, Rigaku, Japan) equipped for graphite-monochromatic CuKα radiation at 40 kV and 40 mA. The randomly oriented powder samples were scanned at 2θ from 5°to 70°at the scanning speed of 3.0°( deg 2 θ/s).The X-ray absorption fine structure (XAFS) spectra of the Ni K-edge were measured to determine the chemical states of Ni in the precipitates. Co-precipitation samples and standard samples of Ni(OH)2(Wako Pure Chemical Industries, Ltd., Guaranteed reagent), NiO, NiSO4·6H2O (Kanto Chemical Co., Inc., Guaran-teed reagent), and synthesized takovite (Ni6Al2(OH)16CO3•5H2O) [25] [26] [27] [28] where the structure and composition are known were measured under the same conditions. The XAFS spectra of the Ni K-edge was obtained by transmission XAFS measurement at BL-7C using an Si (111) two-crystal monochromator and scanned from7826.7 eV to 9431.5 eV. The X-ray absorption at the Near Edge Structure (XANES) was analyzed using REX software to compare the spectrum of the standard and co-precipitated samples qualitatively. In addition, the Extended X-ray Absorption Fine Structure(EXAFS) was analyzed using WinXAS 3.2 to clarify the local structure around the Ni contained in the samples. The zeta potential of the precipitates was measured in a solution using a Zetasizer nano series Nano-ZS90, Malvern. Samples with the liquid-solid ratio 10,000 mL/g using deionized water were adjusted to pH 4-12 by acid and alkaline titration using 0.10 M HNO3as the acid solution and 0.10 M NaOH as the alkaline solution.
Results and discussion
3.1. Characterization of the liquids and solids after co-precipitation
The efficiency of removal of Ni from the synthetic wastewater is shown in Fig.1 . Conventionally, without Al addition at pH 7 or lower, the Ni removal efficiency is very nearly 0% and no solid phases were observed. With increasing initial Al/Ni ratios, the efficiency increased to more than 16% at pH 5 and to almost 100% at pH 7 and 8. In addition, the efficiency was high with high initial Al/Ni molar ratios and high pH. With increasing initial Ni concentration, the removed percentage of Ni was rising steadily. In this study, the target Ni concentration after the water treatment was set at 1.0 mg/L (the permissible exposure limit of soluble nickel for worker health, as regulated by the Occupational Safety and Health Act), this set value is the highest limit of major standards reported by organizations of other countries. In some experiments at pH 8, a dissolved Ni concentration below 1.0 mg/L was achieved. The concentration of Al ions was below the detection limit, and the removal efficiency of SO 4 2showed changes similar to those of Ni (data not shown). appear similar to those shown in a previous study [29] . Peak positions around 10 and 20° in the 2θ of basaluminite [Al 4 (SO 4 ) (OH) 10 •5(H 2 O)] [30] are at lower angles than those of LDH. In addition, the peak intensity around 20° in 2θ is higher than that around 10° in 2θ in basaluminite, opposite that in LDH. At low pH (especially pH 5), the peak around 20° in 2θ has become prominent as in basaluminite. In addition, the peak positions around 10 and 20° in 2θ shifted to the lower angle side relative to those of LDH and were closer to those of basaluminite. This result suggests that low crystallinity basaluminite was precipitated, peaks of highly crystalline aluminite [Al 2 (SO 4 ) (OH) 4 •7(H 2 O)] were observed at pH 5 and 6. From these results, it may be concluded that basaluminite and aluminite were dominantly precipitated with small amounts of LDH at pH 5. Then, with increasing pH, the precipitated amounts of LDH increased and those of Al minerals decreased, and at pH 7 and 8 LDH was mainly precipitated. The XRD patterns in this precipitate were similar to those in samples with different initial concentrations or initial Al/Ni molar ratios.
Solids
The Ni K-edge XANES spectra and the radial distribution function profiles (RDF profile) of the standards and the precipitates at different pH are shown in Fig. 3(A) and (B) , respectively. From the XANES spectra, the normalized height of the pre-edge peak at the low energy side of the X-ray absorption edge (around 8330 eV) was about 0.01 in all samples. A previous study [31] explained that the pre-edge height of Ni with 6-fold coordination (around 0.020) is twice or three times that of Ni with 5 or 4-fold coordination (0.036 and 0.062), that is, the pre-edge height increases when the coordination number increases from 4 to 6. This suggests that the coordination number of Ni in the precipitates was 6. From the RDF profile, the precipitates were very different from the NiO structure.
It would appear that at pH 7 and 8, Ni ions were incorporated into LDH octahedral sheets because the profiles of the precipitates were similar to those of takovite and Ni(OH) 2 . The second coordination shell(Ni-Ni) of precipitates as well as NiSO 4 ・6H 2 O become less prominent at pH 5 and 6 than at 7 and 8. Possible reasons for this would be that the precipitated amount of Ni minerals was small and Ni ions were taken up as in basaluminite (whose structure is similar to that of LDH). 
Adsorption properties of Ni to the precipitated phases
Adsorption experiments were carried out to evaluate Ni adsorption behavior of LDH and basaluminite quantitatively. Before this experiments, single-phase LDH and basaluminite [32, 33] were synthesized. The results showed that only a small amount of Ni 2+ was adsorbed to both LDH and basaluminite though basaluminite has a higher adsorption capacity than LDH ( Fig. 4 (A) ). This suggests that significant amounts of Ni ions were unlikely to be adsorbed onto LDH and basaluminite. The Zeta potentials of LDH and basaluminite before and after the adsorption experiments are shown in Fig.4 (B) . The Zeta potential is the electric potential in a "sliding surface" at the interface of minerals and liquid phases. Since an inner-sphere complex is formed inside the sliding surface, a significant change occurs in the zeta potential. However, as the outer-sphere complex is distributed to the diffusion layer: then outside of the sliding surface, the zeta potential does not change. When comparing the zeta potentials before and after the Ni adsorption experiments, the differences suggest that Ni becomes adsorbed to LDH as outer-sphere complexes because there is little change in the values measured before and after the adsorption experiments. A part of the Ni was inside the sliding surface and adsorbed to basaluminite, though the adsorbed amount of Ni ions here is quite small in basaluminite. [34] . The solubility product of basaluminite and aluminite were obtained from previous studies [19, 30, 35] , and for sulfates and hydroxides of Al and Ni from the database by the Lawrence Livermore National Laboratory [36] and Visual Minteq's thermodynamic database [37] , respectively. No thermodynamic data is available due to the wide variations in the chemical compositions of LDH, such as interlamellar anions, combinations of divalent and trivalent cations, and the solubility product of Ni-Al-LDH was estimated as follows.
In previous studies [29, 38] , the solubility products of LDHs with different anions were calculated based on their chemical compositions and thermodynamic data for their end-products such as hydroxides, sulfates, and carbonates. The thermodynamic data for these compounds were calculated from the enthalpies of formation measured by acid-solution calorimetry and solubility product constants based on solubility measurements, and the solubility products of Ni-Al-LDHs were calculated using the model in previous studies [29, 38] . x)ΔGNi(OH)2 ＋ mΔGH2O (1) The composition of LDH in the precipitated phase was not clear from the experimental results, and the X in the chemical formula for LDH that is the substituted ratio of divalent metal to trivalent metal was respectively set to 0.20, 0.25, and 0.30 in this modeling. In addition, m (the quantity of interlayer water) was set to 0.60 as about 11 wt% was interlayer water, from the thermogravimetric As a result of the calculations, the solubility product constants of LDH were estimated as: log(K sp ) = 7.64 (x=0.2), log(K sp ) = 6.88 (x=0.25), and log(K sp ) = 5.66 (x=0.33).
The end-product used in calculating equations (1) and (2), the enthalpy and free energy of formation at 298.15 K and 1bar were adopted from the values that are described in [39, 40] . The reaction model results using React for the Ni 2+ concentration in solution and the mineral species obtained by adding NaOH solution to Ni-containing wastewater with concentration conditions similar to the co-precipitation are shown in Fig.7 (A) and (B) respectively. In this reaction model, the Al/Ni ratio of precipitated LDH was set to 0.33. In the Al ion addition method, the small amount of Ni removed from solution and LDH precipitated despite being plotted to be in a stable zone of basaluminite at pH 5 (shown in Fig. 6 ) suggests that the Ni ions rather than Ni ions are taken up in the basaluminite or aluminite, as described 3.1.2. In addition, the Ni concentrations in the experiments were higher than those of the modeling at pH 6 because the LDH began to be precipitated around pH 6 and the solutions after the co-precipitation experiments were collected before much of Ni was precipitated as LDH. The Ni concentrations at pH 7 and 8 with the Al ion addition method and at pH 5-8 in the conventional method plotted along the curves of the modeling results. As mentioned in Section 3.1.1, the removed percentage of Ni was rising steadily with increasing the initial Ni concentration. This is because LDH starts to be precipitated from a low pH (around pH 5.4) and the amount of Ni incorporated into the LDH increased. (data not shown).
Thermodynamic considerations for the Ni-Al-LDH in precipitation processes
In addition, the mineral species appearing in the model were consistent with those in the XRD patterns. This shows that the reaction modeling results were a good reflection of the experimental results for the removal efficiency and kinds of mineral species. Stability diagrams with the conventional method and the Al ion addition method are shown in Fig. 8 .
These diagrams show that the stability field of Ni-LDH is wider than that of the Ni(OH) 2 , and that Al ion addition promotes the precipitation of LDH, which removes Ni at pH values lower than the conventional method that precipitated Ni(OH) 2 . Therefore, Ni removal from wastewater is possible at lower pH values when LDH is used as the precipitating phase. In addition, pH of rainwater is neutral at disposal sites, so Ni(OH)2 as precipitates would be dissolved and leached in excess of Ni environmental standard, whereas since LDH exists stably without dissolving in neutral pH, Ni would not exceed the value.
From the above, the Ni(OH) 2 precipitated in the conventional method may dissolve at the disposal site and two-step pH adjustment is required in the wastewater treatment ( Fig. 9 (A) ), whereas in the Al ion addition method it is possible to selectively precipitate the stable LDH present at disposal sites with a one-step pH adjustment ( Fig. 9 (B) ). 
Conclusions and implications
In Ni-containing wastewater treatment, if Ni-LDH is selectively precipitated by applying the Al ion addition method developed here, the treatment (removal of Ni) will be successful under near-neutral conditions, at lower pH values than conventional methods to precipitate Ni. This method makes it possible to reduce the acid and alkaline neutralization agent additions. In addition, since Ni becomes incorporated into the structure of LDH especially at pH 7 and 8, it would be possible to stabilize the waste product at a wider range of pH than in conventional methods. A thermodynamic geochemical model was able to reproduce experimental results in terms of precipitated phases as well as of the Ni removal efficiency, and would allow optimizing the Al addition to wastewater in actual water treatment. The model confirms that it is possible to reduce Ni concentrations to below the legally mandated effluent standard when Ni-LDHs are precipitated by adding a small amount of Al ions.
In the Al ion addition method, aluminum sulfate, a by-product of the paper industry, is available as a dissolved Al source that is readily available. Employing the method developed here would lead to a reduction in neutralization agent volumes and process steps because the coagulation-sedimentation process can be carried out at neutral conditions. From the above reasons, it will be possible to optimize the neutralization process and the cost of the materials needed in the addition to the wastewater may be reduced in actual wastewater treatment.
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